The avian spinal cord is characterized by an absence of motor nerves and sensory nerves and ganglia at its caudalmost part. Since peripheral sensory neurons derive from neural crest cells, three basic mechanisms could account for this feature: (i) the caudalmost neural tube does not generate any neural crest cells; (ii) neural crest cells originating from the caudal part of the neural tube cannot give rise to dorsal root ganglia or (iii) the caudal environment is not permissive for the formation of dorsal root ganglia. To solve this problem, we have ®rst studied the pattern of expression of ventral (HNF3b ) and dorsal (slug) marker genes in the caudal region of the neural tube; in a second approach, we have recorded the emergence of neural crest cells using the HNK1 monoclonal antibody; and ®nally, we have analyzed the developmental potentials of neural crest cells arising from the caudalmost part of the neural tube in avian embryo in in vitro culture and by means of heterotopic transplantations in vivo. We show here that neural crest cells arising from the neural tube located at the level of somites 47±53 can differentiate both in vitro and in vivo into melanocytes and Schwann cells but not into neurons. Furthermore, the neural tube located caudally to the last pair of somites (i.e. the 53rd pair) does not give rise to neural crest cells in any of the situations tested. The speci®c anatomical aspect of the avian spinal cord can thus be accounted for by limited developmental potentials of neural crest cells arising from the most caudal part of the neural tube. q
Introduction
The spinal cord is a highly conserved structure among all forms of vertebrates. It lies within a bony canal constituted by the vertebral column. The spinal cord derives from the embryonic neural tube. Two different modes of neurulation actually produce the neural tube both in avian and mammalian embryos. For example, in the chick embryo, the primary or classical neurulation in which a neural plate forms in the ectodermal germ layer and folds up to form a tube, accounts for the formation of the brain and of the more rostral spinal cord (cervical and thoracic). The secondary neurulation takes place in the caudal part of the embryo corresponding to the thoraco±lumbar transition, and begins when the posterior neuropore closes between Hamburger±Hamilton (HH) stages 12 and 14 in the chick embryo (Schoenwolf, 1979) . The secondary neural tube is produced by the growth of a pluricellular mass called the tail bud which elongates in a rostrocaudal sequence producing a cellular cylinder, the medullary cord, and then, cavitates to form the secondary neural tube (see Catala et al., 1995 for a review). The tail bud participates in the formation of the caudal spinal cord and the sacrocaudal nerves (Catala et al., 1995) . As a consequence of its proper mode of formation, the secondary neural tube is devoid of neural folds. Nevertheless, neural crest cells have been shown to arise from the dorsal aspect of the secondary neural tube by delamination (Schoenwolf et al., 1985; Catala et al., 1995) .
The neural crest forms a transient population of cells which extensively migrate to differentiate into numerous derivatives like the dorsal root ganglia (DRG), the ganglia of the autonomic systems, the adrenal medulla, melanocytes and, in the head, various mesenchymal tissues and the calcitonin-producing cells (see Le Douarin, 1982 for a review; Couly et al., 1993) . Emigration of neural crest cells from the truncal neural tube proceeds along its entire length as these cells arise in a continuous, non-segmented manner. However, the somites are heterogeneous in their capability to support both the outgrowth of the motor axons and the migration of neural crest cells since those processes take place only in the rostral part of the somite (Keynes and Stern, 1984; Rickmann et al., 1985; BronnerFraser, 1986; Teillet et al., 1987) leading to the segmentation of the peripheral nervous system. Thus, sensory (dorsal) and motor (ventral) roots emerge from the spinal cord in a segmented pattern, each segment corresponding to a metamere.
Three subtypes of spinal cord in the different species may be described according to their anatomical features. The ®rst type of spinal cord occupies all the length of the vertebral canal with motor and sensory roots arising from each metameric segment. This type of spinal cord is encountered in reptiles, in ®shes and in amphibians before metamorphosis. The second type encountered in birds extends all along the vertebral canal as far as the last bone of the tail which consists of three to six fused caudal vertebrae forming the pygostyle (Uehara and Ueshima, 1988) . In these species, the spinal cord is characterized by the absence of motor and sensory nerves arising from the levels included within the pygostyle. The last type, corresponding to the mammalian spinal cord, terminates before the end of the vertebral canal and is prolonged by a tissue string devoid of neurons called ®lum terminale. In mammals, the formation of this structure is thought to result from a mechanism of dedifferentiation and cellular death particularly in tailless animals (Tourneux, 1892; Kunitomo, 1917; Streeter, 1919) . Thus, in both mammals and birds, the caudalmost part of the spinal cord is characterized by the fact that it does not give rise to DRG, sensory and motor nerves.
The mechanism of formation of the caudal spinal cord in birds has never been studied experimentally. Three distinct hypotheses may account for the absence of sensory nerves and ganglia at the caudal level of the spinal cord: (i) the caudalmost neural tube does not generate any neural crest cell; (ii) neural crest cells arising from the neural tube at this level are unable to differentiate into neurons or (iii) the environment is not permissive for neuronal differentiation of neural crest cells. To discriminate between these three hypotheses, we have studied the expression pattern of ventral (HNF3b) and dorsal (slug) marker genes in the secondary neural tube. Furthermore, we have studied in vitro and in vivo the potentials of the caudal neural tube to produce neural crest cells. A segment of the neural tube corresponding to the level of the newly formed caudal somites has been either cultured in vitro or transplanted at the cervical level of a host embryo. We show that ventralization of the secondary neural tube takes place at the level of the organizer. Dorsalization is a late-appearing event taking place only after cavitation is achieved. The absence of spinal ganglia at levels of somites 47±53 is not due to a lack of neural crest cells, but to a restriction of their developmental potentials. They produce glial cells and melanocytes, but no neurons. In contrast, the caudalmost part of the neural tube located beyond somite 53 does not yield any neural crest cells. This absence of neural crest potentials is correlated with the absence of slug expression at these levels.
Results

Development of the axial skeleton
We undertook a study of the development of the caudal axial skeleton in order to precisely delineate the position of the spinal cord without DRG and to assess the correspondence between the somite numbers and the vertebrae. Caudal sclerotomes of embryos from embryonal day 6 (E6) to E8.5 are not chondri®ed, it is thus impossible to count the total number of free caudal vertebrae. From E9 to E16, all the embryos have 14 well-developed cervical and seven thoracic vertebrae. From E9 to E16, the total number of synsacral vertebrae progressively increases from 11 to 15 whereas the total number of free caudal vertebrae decreases from 12 to ®ve (Fig. 1) . The number of vertebrae at different stages ranging from E9 to E16 is recorded in Table 1 . By comparing the number of free caudal and synsacral vertebrae between E10 and E12, we see that the two caudalmost free caudal vertebrae have fused with the pygostyle. Between E12 and E16, three free caudal vertebrae are added to the caudal part of the synsacrum. Therefore, the decrease of free caudal vertebrae is not due to their regression but to their integration into both the synsacrum and the pygostyle.
Developmental expression of HNK1 immunoreactivity in control chick and quail embryos
In the chick embryos with 45±50 somites (HH stage 22), neural crest cells marked by the HNK-1 monoclonal antibody (mAb) are found along the entire length of the neural tube facing the already segmented somites except for the two last formed somites. These two somites are still epithelial in structure whereas more rostral ones are dissociated into dermamyotome and sclerotome. HNK1-positive cells are present facing the dorsal part of the neural tube and in the sclerotome ( Fig. 2A) . At these stages, the chick neural tube remains unmarked.
From stage HH 24 onwards in the chick embryo, all the somites are dissociated. The caudalmost HNK1-positive cell is located within the last sclerotome. No cells decorated by the HNK1 mAb are found in the caudal unsegmented mesoderm. The caudalmost DRG are located at a more rostral position, the distance between the caudalmost HNK1-positive cell and the caudalmost DRG varies according to the stage (HH 24 and 27) between 200 and 250 mm. From HH 24 onwards, the caudal neural tube begins to be labeled by HNK1 mAb in the ventrolateral marginal zone. This labeling extends progressively from HH 24 to 32 when all the white matter of the spinal cord is strongly decorated by the HNK1 mAb ( Fig. 2C) .
At E10 (stages HH 36 and Z 27, respectively), the last dorsal root ganglia are located between free caudal vertebrae 9 and 10 ( Fig. 2B) . No ganglia are present caudally.
At E14 (stages HH 40 and Z 31, respectively), the caudalmost DRG are observed in the intervertebral space corresponding to the level where the caudalmost free caudal vertebra (corresponding to somite 47) articulates with the pygostyle (Fig. 2C ).
Developmental expression of HNF3b and slug genes
Ventrodorsal patterning of the neural tube has been extensively studied during primary neurulation whereas data are scarce for secondary neurulation. In order to analyze this patterning during secondary neurulation, we selected two genes, HNF3b and slug, representing ventral and dorsal markers, respectively. We analyzed the expression of these genes at stages between the 25-and 53-somite stages.
HNF3b gene
At the 25-somite stage, HNF3b is expressed by cells located ventrally to the medullary cord. These cells represent Hensen's node remnants (the so-called chordo-neural hinge (CNH), Catala et al., 1995 Catala et al., , 1996 and prospectivē oor plate cells that are being integrated into the secondary neural tube. At more rostral levels, the gene is expressed by both notochord and¯oor plate. Then, the gene is switched off from the notochord but is still expressed by¯oor plate cells.
At E4.5 (53-somite stage), HNF3b is expressed down to the tip of the tail by the cells of the¯oor plate (Fig. 3A ) and the cells of the CNH.
slug gene
At the 28-somite stage, slug is strongly expressed in the dorsal part of the neural tube. This expression extends beyond the level of the last-formed somite. In the neural tube facing the unsegmented mesoderm, the expression of the gene extends over a length corresponding to that of four somites. The expression of slug takes place in the already cavitated neural tube and never in the medullary cord. Furthermore, the gene is also expressed in two lateral zones in the mesoderm of the tail bud. In this case also, the expression in the neural tube is observed only at levels where cavitation has taken place.
At the 40-somite stage, quail and chick embryos behave differently for the slug gene expression. In quail embryos, the dorsal expression of the gene is seen at the somitic level with a caudal extension corresponding to the length of about two somites. Furthermore, the ventral mesenchyme of the tail is moderately positive. In contrast, in the chick embryo, the mesenchymal expression is so strong that it is impossible to detect any dorsal neural tube expression on whole- mount. After sectioning, the expression pattern in the neural tube appears similar in chick and quail embryos. At the 53-somite stage, the slug gene is expressed by the quail dorsal neural tube down to the last pair of somites (Fig.  3C) . No expression is seen in the dorsal part of the neural tube facing the caudal unsegmented mesoderm (Fig. 3D) . The same aspect is observed on sections of chick embryos at the same stage (Fig. 3B) . We continue to observe a mesenchymal expression which is considerably stronger in the chick than in the quail (Fig. 3B,C) .
In conclusion, ventral cells of the neural tube express HNF3b until the tip of the tail as soon as they are integrated into the neural tube. In contrast, the expression of slug begins only in already cavitated neural tube and does not extend caudally to the 53rd pair of somites.
In vitro cultures of the caudal neural tube
After 48 h in culture, neural tubes corresponding to parts A or B (Fig. 4) have produced cells (Fig. 5A) , most of which were labeled by the HNK1 mAb (Fig. 5C ). In contrast, the neural tube (part C) corresponding to the unsegmented mesoderm located caudally to the 53rd somite pair (Fig.  4) does not give rise to emigrating neural crest cells (Fig.  5B) .
After 15 days in culture, neural crest cells produced by the neural tube corresponding to the level of somite 47 and rostrad differentiated into melanocytes, neuronal cells expressing TH, tau (Fig. 5D ) or MAP2 and glial cells expressing SMP. In contrast, the neural tube corresponding to somitic levels 48±53 gave rise to SMP-positive cells (Fig.  5E ) and melanocytes ( Fig. 5F ) but not to neuronal cells.
Quail-chick chimeras
Three different types of chimeras were constructed by transplanting segments A, B and C (Fig. 4 ) of quail neural tubes into chick hosts at the cervical level. ) which is located between free caudal vertebrae 9 and 10 (stained by alcian blue). Note that the two caudalmost intervertebral foramina (corresponding to free caudal vertebrae 10 and 11) are devoid of DRG. These two vertebrae will eventually fuse with the pygostyle (Py). (C) Transverse section of an E14 quail embryo. At that stage, HNK1 labels the white matter (WM) of the spinal cord but not the gray matter (GM) and the dura mater (dm) in the meninges and the nerves (Ne). Note that the caudalmost DRG lies in the caudalmost intervertebral foramen. Bars 40 mm (A,C) and 300 mm (B).
Transplantation of part A
Five chimeric embryos resulting from the transplantation of neural tube segments corresponding to the level of somites 44±46 were analyzed at E6. The graft had developed and yielded segments of the spinal cord. Furthermore, neural crest cells originating from this segment differentiated into melanocytes, dorsal root and sympathetic ganglia, and Schwann cells located along the neural roots and nerves (Fig. 6A) . This demonstrates that the neural tube from somitic levels 44 to 46 yields neural crest cells which give rise to the same derivatives as those produced by the truncal neural tube from more rostral levels.
Transplantation of part B
Segments of quail neural tube corresponding to the levels of somites 47±53, transplanted into chick hosts, yielded segments of the spinal cord in ten chimeras analyzed between E6 and E12. The graft gave rise to neural crest cells which differentiated into melanocytes (Fig. 6B) and Schwann cells located along the nerves (stained by the HNK1 mAb) (Fig. 6D) . At the level of the graft, no dorsal root ganglia deriving either from the graft or the host were observed (Fig. 6C) . In contrast, the sympathetic chain was present and was constituted by cells from the host but not from the graft. This can be explained by the differential potentials of migration of neural crest cells. Indeed, it has been demonstrated that neural crest cells which eventually give rise to sympathetic ganglia are able to migrate more extensively along the anteroposterior axis than those which give rise to DRG (Yip, 1986) . In conclusion, the neural tube corresponding to part B is able to give rise to neural crest cells which can differentiate into Schwann cells and melanocytes but not into neurons.
Transplantation of part C
Eight chimeras, constructed by transplanting into the cervical level of chick hosts segments of quail neural tube arising from a level posterior to the last somite from 53-somite donors, were analyzed at E6±11. In all cases, these caudalmost grafts yielded a segment of the spinal cord, but they did not produce any dorsal root ganglia, sympathetic ganglia, Schwann cells or melanocytes (Fig. 6E,F) . This shows that the neural tube corresponding to part C is unable to give rise to neural crest cells even when back-transplanted in a heterotopic position where the environment is permissive for the development of such cells. 
Discussion
Formation and migration of neural crest cells during secondary neurulation
During secondary neurulation, the neural tube is formed by cavitation of a solid cylinder, the so-called medullary cord. So, during this phase of embryonic development, no neural folds are formed. One of the problems related to secondary neurulation is to know how and down to which level neural crest cells arise from this part of the neural tube. Schoenwolf et al. (1985) have shown that an emigration of cells take place from the dorsal aspect of the posterior neural tube thus demonstrating the existence of the so-called secondary neural crest. However, their study was devoted to chick embryos at stages 14±22 (HH) (corresponding to 22±44-somite stages). We extend this study to later stages of development (44±53-somite stages) by including embryos from stage 22±40 HH, i.e. well after the last (53rd) somite has been formed. Furthermore, we use the slug gene, a marker of progenitors fated to become both dorsal neural tube as well as some neural crest cells (Nieto et al., 1994) , and HNK1 mAb to evidence migrating neural crest cells (Tucker et al., 1984) .
We show that expression of the slug gene occurs in the posterior neural tube and begins before migration of neural crest cells in secondary as it does in primary neurulation.
Expression of slug takes place in the already cavitated neural tube and never in the medullary cord. Thus the onset of this dorsal marker is delayed in the posterior trunk as it is anteriorly, and begins after cavitation of the medullary cord. During primary neurulation, expression of slug is not present in the caudalmost part of the neural folds. It begins only at the level of the last-formed somite (Nieto et al., 1994) .
At E4.5, both in quail and in chick embryos, slug expression does not occur in the caudalmost part of the neural tube, corresponding to the unsegmented caudal mesoderm. It is interesting to correlate this lack of expression with the absence of neural crest cells we observe after both in vitro culture or heterotopic transplantation. Such an absence of slug expression was already noticed for the forebrain folds (Nieto et al., 1994) , a region which does not yield neural crest cells (Couly and Le Douarin, 1987) .
Finally, we observe in the tail bud a strong expression of slug in the ventral mesenchyme. A similar pattern of expression has been documented in rodents (Savagner et al., 1998) . It is surprising to note the difference in intensity of slug expression in the ventral mesoderm of the tail between chick and quail embryos which are closely related species. In fact, the pattern of expression of the slug gene is not conserved among all vertebrates (Jiang et al., 1998) . For example, in the mouse embryo, slug is not expressed by premigratory neural crest cells (Jiang et al., 1998; Savagner et al., 1998) .
Our results, in the chick embryo, show that the HNK1 mAb decorates secondary neural crest cells only after the somites differentiate as has been seen in the anterior part of the body by others (Weston and Butler, 1966; BronnerFraser, 1986; Teillet et al., 1987; Delannet and Duband, 1992) .
HNK1 mAb allows us to study the migration pathways followed by caudal neural crest cells just after the onset of their migration. We observed cells within the sclerotome. In the caudalmost region, we did not see any HNK1-positive cells between the surface ectoderm and dermatome. This result is not surprising since HNK1 is not expressed by neural crest cells migrating in the dorsolateral pathways.
Expression of HNF3b during development
We observed that the HNF3b gene is expressed by Hensen's node,¯oor plate and caudal notochordal cells up to E4.5. It is interesting to note that the caudalmost part of the neural tube expresses ventral markers even at its extreme caudal tip at E4.5, suggesting that ventral polarization takes place at that level. Furthermore, we always observed an expression of HNF3b gene in the ventral part of the neural tube as soon as Hensen's node (or CNH) has been dissociated into¯oor plate and notochord. This expression pattern in avian embryos differs from the pattern described in rodents. Indeed in rodents, HNF3b remains expressed in the notochord on its entire anteroposterior length (Ruiz i Fig. 4 . The avian embryonic tail at E4.5. The neural tube is subdivided into three rostrocaudal zones with respect to somitic level: level A rostral to the 47th somite; level B between somites 48 and 53; level C corresponding to the nonsegmented caudal mesoderm. Altaba et al., 1993; Monaghan et al., 1993; Weinstein et al., 1994) up to at least E10 corresponding to the 27±32-somite stage (Gof¯ot et al., 1997) . In contrast, the avian notochord expresses HNF3b only transiently, so that from about the 10-somite stage the anterior part of the notochord stops expressing this gene while HNF3b mRNA are still present in the¯oor plate. Furthermore, in its caudalmost part no HNF3b expression is seen in the neural plate in rodents (Sasaki and Hogan, 1993; Weinstein et al., 1994; Gof¯ot et al., 1997) . It cannot be excluded that, as in the chick, the¯oor plate material has not yet been inserted into the neural primordium at this level. Experimental data showing the behavior of the chordoneural hinge in the mouse embryo at that stage are still lacking. In the avian embryo, in contrast, we have shown that the¯oor plate originates from the same structure as the notochord and becomes incorporated into the developing neural tube during the secondary as well as the primary neurulation processes (Catala et al., 1995 (Catala et al., , 1996 .
Progressive restriction of the developmental potentials of neural crest cells in the caudalmost region of the neural tube
Beyond the level of somite 47, the neural tube produces neural crest cells which have lost the capacity to give rise to neurons. We observe that between the levels of somites 47 and 53, neural crest cells differentiate into melanocytes and Schwann cells only. Furthermore, caudal to the region of the last somite (i.e. the 53rd pair), the neural tube is unable to give rise to neural crest cells. Our results indicate a progressive loss of developmental potentials of neural crest cells along the anteroposterior axis. In cephalic regions, neural crest cells can differentiate into mesodermal cells, melanocytes, neurons and glial cells. In the trunk region down to somite 47, neural crest cells can give rise to all the derivatives except for the mesodermal cells. Then, between somites 47 and 53, neural crest cells loose their ability to give rise to neurons. Ultimately, the caudalmost region of the neural tube is devoid of neural crest potentials.
It is interesting to note that a loss of potentials could also be observed between upper and lower vertebrates. Indeed, trunk neural crest cells in amphibians can differentiate into mesodermal derivatives (see Le Douarin, 1982 for a review), and this developmental potential has been demonstrated for neural crest cells which arise from the caudalmost part of the neural tube in Xenopus embryo (Collazo et al., 1993) . This could be interpreted as if avian neural crest cells in the trunk region lose their ability to give rise to mesodermal cells.
Experimental procedures
Quail (Coturnix coturnix japonica) and chick (Gallus gallus domesticus, White Leghorn strain) eggs from commercial sources were used for this study. They were incubated in a humidi®ed atmosphere at 388C. Developmental stages of chick and quail embryos, respectively, were regarded according to Hamburger±Hamilton's (HH) (Hamburger and Hamilton, 1951 ) and Zacchei's (Z) criteria (Zacchei, 1961) .
Development of the axial skeleton
Chick embryos, incubated for 6±16 days (E6±16), were ®xed in a solution of 100% ethanol (80 ml), 100% acetic acid (20 ml) and alcian blue (15 mg) during 16 h (for E6 embryos) to 30 h (for E16 embryos). This solution selectively stained the cartilage. Then, the embryos were dehydrated in ethanol 100%. To evidence the stained cartilage, the embryos were cleared in Mall's solution (potassium hydroxide 1 g, glycerol 20 ml and water 79 ml).
Cervical vertebrae are characterized by their position and the absence of ribs. Thoracic vertebrae are de®ned by the presence of ribs. Synsacral vertebrae correspond to the vertebrae located at the level of the coxal bone. Free caudal vertebrae are the vertebrae located beyond the last synsacral vertebra, except for the last one, which forms the pygostyle.
HNK1 staining in control embryos
HNK1 is a monoclonal antibody raised against a subtype of human lymphocytes (Abo and Balch, 1981) . This mAb stains a majority of neural crest cells after the beginning of their migration (Tucker et al., 1984; Serbedzija et al., 1989; Newgreen et al., 1990) . Control non-operated quail (Z stages 15±31) and chick embryos (HH stages 20±40) were ®xed in Carnoy's solution and embedded in paraf®n. Frontal or transverse sections (5 mm) were dewaxed, rehydrated and treated with H 2 O 2 to inhibit endogenous peroxidases. Sections were incubated with undiluted HNK1 hybridoma culture supernatant for 1 h at room temperature, and washed in phosphate-buffered saline (PBS) at pH 7.4. The slices were treated with the secondary antibody (goat anti-mouse IgM linked with peroxidase) for 1 h at room temperature. Peroxidase activity was revealed by an appropriate chromogene reaction using diaminobenzidine (DAB). Sections were counterstained either with hematoxylin or alcian blue, which stains selectively the cartilaginous extracellular matrix.
In toto in situ hybridization of the HNF3b and slug genes
Whole-mount in situ hybridization was performed according to Henrique et al. (1995) . Embryos were ®xed overnight at 48C in a solution of formaldehyde (4%) in PBS with 2 mM EGTA. After ®xation, embryos were washed in PBT (PBS with 0.1% Tween-20). The embryos were treated with proteinase K (10 mg/ml) for a period of time dependent on the embryonic stage. After washing in PBT, embryos were post-®xed in a solution containing 4% formaldehyde, 0.1% glutaraldehyde in PBT for 20 min. The embryos were transferred into a prehybridization solution containing formamide (50%), SSC 1.3£, 5 mM EDTA, Yeast RNA (50 mg/ml), 0.2% Tween-20, 0.5% CHAPS and heparin (100 mg/ml) for 2 h at 708C. Then, the embryos were hybridized with a speci®c probe labeled with digoxigenin overnight at 708C. The embryos were washed and incubated with a speci®c antibody raised against digoxigenin and coupled with alkaline phosphatase. The enzymatic activity was revealed using a chromogene reaction (NBT 1 BCIP, Boehringer). The stained embryos were processed for sectioning (50 mm) using a vibratome after embedding in albumin±gelatin. The probes we used were slug (Nieto et al., 1994) and HNF3b (Ruiz i Altaba et al., 1995) .
In vitro cultures of neural crest cells
Caudal neural tubes were dissected after pancreatin treatment (12 mg/ml in Tyrode solution for 5 min) leading to its dissociation from surrounding tissues from quail (Z stages 18 and 19) or chick (HH stages 24 and 25) embryos. At this stage, the total number of somites was 53, and no more somites were to be formed Sanders et al., 1986) . Caudally to the last formed somite, the paraxial mesoderm remains unsegmented forming the so-called unsegmented caudal mesoderm Sanders et al., 1986; Mills and Bellairs, 1989; Krenn et al., 1990) . The caudal neural tube was divided into three parts: part A corresponds to the levels located rostral to the 47th somite, part B to the neural tube situated between somites 48 and 53 and part C to the neural tube located beyond the last somite (Fig. 4) . The explanted neural tube segments were placed in a culture medium (DMEM, 15% fetal calf serum and 2% chick embryonic extract) at 388C and 5% CO 2 . Cultures were ®xed in 4% paraformaldehyde for 1 h either after 48 h or after 10±15 days in vitro. In the ®rst case, the presence of neural crest cells that had emigrated from the neural tube was assessed using HNK1 as a marker. In the second case, the neural tubes were removed from the cultures after 48 h, leaving the migrating neural crest cells in place at the bottom of the culture dish. The medium was replaced by DMEM, supplemented with 15% fetal calf serum and 15% chick embryonic extract. These long-term cultures were analyzed for cell differentiation using various markers: the mAb MAP2 (Caceres et al., 1986; Goldman et al., 1992) , an anti-tau antiserum developed in rabbit (Sigma) and an antityrosine hydroxylase (TH) mAb (Fauquet and Ziller, 1989) as neuronal markers, and the anti-SMP mAb (Dulac et al., 1988) as a glial marker. The anti-MAP2 is a mouse ascitic uid and was used diluted 1/500; the anti-tau serum was diluted 1/100; the anti-TH and anti-SMP were undiluted hybridoma culture supernatants. Incubation with the primary antibodies was 1 h at room temperature and overnight at 48C. The immunoreactivity in the cultures was revealed by¯uorescent secondary antibodies (goat antirabbit and goat anti-mouse Ig FITC or TRITC).
Quail-chick chimeras
Quail embryos (Z stages 18±19) served as donors. The neural tube was dissected by pancreatin dissociation and divided according to the previously described procedure (Fig. 4) . Neural tube segments were grafted heterotopically and heterochronically into the cervical region corresponding to the level of somites 10±15 of a recipient chick embryo (HH stages 10±11). These chimeras were reincubated for 4± 9 days, then ®xed using Carnoy's solution and embedded in paraf®n. Transverse histological slices (5 mm) were stained by Feulgen±Rossenbeck's reaction which allows to distinguish quail and chick cells. In some cases, HNK1 marking was performed as indicated above after Feulgen±Rossen-beck staining.
